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ABSTRACT

Read D Lawless TA Sims RJ and Butter K R, 1993 Uranium migration through mtact
sandstone cores In JI Kim and G de Marsily (Editors) Chemistry and Migraton of
Acunmdes and Fission Products J Contam Hvdrol 13 277-289

Uranium 1s olten considered to be a mobile radioelement in the natural environment owing
to 1ts tendency to form stable complexes with a number of aqueous anions partcularlv 1n
oxidising milieu A sertes of infiltration experiments were devised to investigate this migration
behaviour under ngidly controlled laboratorv conditions Intact cores of Permo-Tnassic
Clashach Sandstone were pre-equilibrated with synthetic groundwater solutions and
continuous flow-through of uranium monitored together with pH and concentrations of other
10ns

Prior to performing each experiment a simulation was carried out using a one-dimensional
coupled chemical transport code encompassing a thermodynamic description of the electrical
double laver These calculations together with electron microscopy indicated the potential role
plaved bv iron oxyhvdroxide grain coatings n retarding the uramum plume Thus a second
series of experiments was tnitiated on pre-acidified cores from which all surface exposed iron
had been removed allowing an assessment of the retention capacity of non-ferric components

Taken together the data clearly illustrate the strong affinity of aqueous uranium species for
natural surfaces even under strongiv oxidising conditions The success of the model in
predicting a prion the dominant trends in uramum migration behaviour s encouraging and
may aid 1n prnioritising analytical requirements for investigations in more complex geochemical
situations than those studied here

1 INTRODUCTION

Procedures for assessing the long-term safety of proposed radioactive waste
disposal facilities rely heavily on computer-based models which are used to
predict the behaviour of contaminants within the repository, groundwater
transport away from the repository and the effectiveness of host geologic
media 1n ensuring adequate containment (Thompson 1987) Although
validauon of such models 1n a predictive sense 1s rarely, If ever, feasible,
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numerous attempts have been made to compare the results of simulaton,
retrospectively, with analvtical data The latter encompass static and dynamic
laboratory experiments (Bidogho et al, 1987), n situ field migration tests
(Wilhams et al, 1991) and the study of natural analogues (Come and
Chapman 1991) Successful calibration 1s frequently cited as evidence of
the model s accuracy even where key items of information are mussing or the
dominant processes operating are poorly understood

In order to assess the confidence which can be ascribed to extant chemical
transport models a series of simphistic column experiments have been devised
to allow a prion prediction of trace-element migration through intact and very
well-charactenised sandstone cores Column studies are regarded as an
essential adjunct to observations made in the field They possess the
advantages of small scale and as opposed to batch tests representative
sohd/solution ratios Additionally, when performed on intact samples there
should be no alterahon of microporosity and hence dispersivity and no
creation of fresh surfaces which alter the inherent adsorption charactenistics

Uranium 1s often considered to be a mobile radioelement 1n the natural
environment owing 1o 1ts tendency to form stable complexes with aqueous
anions parucularly mn onuidising milieu However few attempts have been
made 10 quantufyv this migrauon behaviour under controlled laboratory
conditions and at the low concentrations typically found 1n groundwaters
(Come and Chapman 1991) Thus the aims of the present work may be
summarnsed as follows

(1) to provide direct evidence of uranium mobilisation/retardaunon through
roch samples relevant to waste disposdl in the UK

(2) to derive primary data for use 1n safety assessment calculations

(3) 1o test the accuracy of results predicted 1in advance by an equilibrium
chemical transport code and associated thermodynamic data

The studies described are on-gomng and form part of a coordinated
programme of research into the mugration of naturally occurring radio-
nuclides through geological media (Thompson 1987) The results are also
being adopted by participants in the Commussion of European Communines
(CEC) project CHEM\AL/MIRAGE (Read 1991) for the purposes of model
testing

2 EXPERIMENTAL

21 Maierials

The core matenial employed was Permo-Trassic Clashach Sandstone from
the Elgin district of northeast Scotland This rock 1s used extensively
throughout the UK o1l industry in the evaluaton of production and
enhanced o1l recovery The Clashach is a very well-sorted, supermature quartz
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Fig 1 Photomicrograph of Clashach Sandstone ( x 10)

arenite compnsing rounded quartz gramns (>95%) bonded by silica
overgrowths (Fig 1) Microchine and hithoclasts of quartzite or chert make up
the balance of the mineralogy, together with infrequent grains of zircon, rutile
and tourmaline Fibrous 1illite has also been recorded but 1s scarce (Bennett
etal 1992a) Iron oxide nms are observed to coat the quartz grains 1n some
samples imparting an orange-brown hue The quartz-dominated mineralogy

1s reflected 1n the whole-rock analyses (Table 1) -
Column experiments were performed on samples taken from [-m-long,
49-mm-diameter cores Each of these was sectioned to give two 30-cm cores

TABLE !

Elemental composition of Clashach Sandstone core

Element (%) Element (°%) Element (%)

S 47 Co <0901 P <001
K 063 Cu 007 Sr 005
Al <001 Fe 002 S 002
As 001 Mg <001 T <001
Ba <002 Mn <001 Vv <001
Ca <00l Mo <00l Zn <001
Cr <001 Ni <002 Zr <001
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TABLE 2

Properties of the sandstone cores

Column 1 2 3
Length (cm) 30 30 30
Diameter (cm) 49 49 49
Flood duration (davs) 25 20 25
Brine permeability (mD) 330 400 480
Pore volume (cm’) 824 103 8 96
Interstitial velocity (cm day ™) 300 300 300
Surface area (m” g™') 12 09 08
Cauion exchange capaciiy (meq/100 g) 006 01 009
Anion exchange capacity (meq/100 g) <001 <001 <001
Inlet U (107" mol dm™Y) 10 10 10
Outlet U (107* mol dm~ ) <02 <002 <02
Inlet Cd (107! mol dm™") - - 09
Outlet Cd (167 mol dm™") - - 09

for uramum floods three 7 5-cm cores for porosity determinations and a
number of shices for wet analysis and thin-section studies The hydrologic and
1on-exchange charactenistics of the intact sample are given 1n Table 2

A synthetic sodium chlonide solution similar to that encountered at outcrop
was used 1n the experiments doped with uranyl dinitrate and for dispersion
studies *Cl Inlet and outlet solutions were ultrafiltered using Amicon
Diaflo® membranes ( ~ 2 nm) to monitor the removal of any uranmium-bearing
particulates

22 Procedwre

The experimental set-up 1s described 1n detail elsewhere (Bennett et al
1992a) Briefly. the first core was vacuum filled with NaCl and flushed con-
tinuously unti} the 1nlet and outlet concentrations had stabihsed *Cl tracer
was then 1njected to generate a dispersion profile for the core The uramum
flood was performed at a rate of 35cm h~' and an equivalent U concentra-
uon of 10* mol dm~" Analysis of the inlet and effiuent solutions was carried
out, using sotope dilution mass spectrometry (IDMS) for uramum and
inductively coupled plasma optical spectrometry (ICPOS) for the other
elements determined (As, Ba, Ca Co, Cu Fe, K, Mg, Mn Mo, Na, P, S1, Sr,
T, V, Zn Zr) After 25 days the flood was stopped and twenty 3-mm shces
taken from the inlet end of the core Uranium and the other elements were
analysed following extraction with nitric and hydrochlioric acids Expenimen-
tal parameters are summarised 1n Table 2

The second flood was performed on an acidified core The column was first
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filled with 0 3mol dm~* NaCl, for determination of imtial permeability and
then flooded with 0 1 M HCI 1in NaCl untl the pH, as determined on-line,
approached pH 1 Effiuent fractions were monitored during acidification for
released cations The acid imjection was stopped and flooding with NaCl
continued until the effluent pH recovered to the inlet value The second
uranium flood was carried out at 43cm® h™' and terminated after 20 days

Finally, a third flood was performed on a section of an additional core to
assess the effect of competing cations on uranium transport Cadmium
chlonde (10~* mol dm™?) was chosen for contemporaneous injection with
10~% mol dm~? uranium nitrate Again, porositv, permeability, surface area
and CEC measurements were performed on the core

3 THEORETICAL CONSIDERATIONS

A central objective of this study 1s an appraisal of the predictive capability
of extant equihbrium models when applied to the transport of actinides at
reahistic environmental concentrations A level of 107% mol dm™? U (2 ppb)
1s typical for terrestrial groundwaters (Hooker 1991) but much lower than
that commonly employed 1n batch sorption expeniments (e g, Berry et al,
1991) Under strongly oxidising conditions as observed in the Clashach
columns 1t1s also a level well below the limiting concentration imposed by any
potential solubility controlling phase Predictions of solubihty using the
PHREEQE code (Parkhurst et al, 1980) and thermodynamic data from
published sources (Wolery 1988, Read 1991 Grenthe et al, 1992) give
esimates around 107* mol dm~" at equilibrium with schoepite
(UO,(OH), H,0). comparable to those reported by Sandino (1991) Other
common uranmum sohds, including uranimte (UO,) and rutherfordine
(UO,CO;) are calculated to be strongly undersaturated These results
together with the absence of uramum-bearing particulates (Bennett et al
1992a) indicate transport 1n ““true * aqueous solution subject to retardation by
surface adsorption This 1s the basis for the numencal simulations described
below

The speciation of uranium 1n near-neutral waters has been studied exten-
sively 1n recent years and the dominant controls on aqueous complexation
established (e g, Sandino, 1991) Using the CHEMvAL thermodynamic
database (Chandraullake et al, 1992), uranyl(VI) hydroxy complexes are
predicted to dominate around pH 6 with monomeric species favoured at the
low solution concentration considered 1n this work Under more strongly acid
conditions the uncomplexed uranyl 1on becomes increasingly important
(Table 3) Carbonate complexation becomes significant at pH>7

Chemical transport modelling was carried out using the CHEMTARD code
(Bennett et al, 1992b) and a triple-layer representation of the sorbing oxide
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TABLE 3

Predicied distribution of urantum species at 107* mol dm™?

Species Concentration Reaction log B
(%)

Lo -~ 54 U** + 2H.O — 4H* — 2¢ ~-92

UO OH™ 32 U** + 3H O — 5H* - 2 —145

Lo ar* 13 U** 4+ 2H.0 + CI” ~ 4H* ~ 2e -87

surface (Davisetal , 1978) The latter was assumed to approximate to goethite
for the case of the unacidified core and silica following acidification, respec-

tnely
The surface complexation model contained 1 CHEMTARD has been

described 1 earlier work (Hooker, 1991) Brefly, the model considers a
neutral surface (SOH) which can dissociate to give a negatively charged site

SOH=S0"+H,~ ¢

where the subscript s denotes an ion located at the surface plane or,
conversely, react with a proton at the surface to form a positively charged site

SOH+H,® == SOH,~ (2)
The acuvity of H™ 1n the surface plane 1s related to the acuvity in the bulk

solution by

(H™) = (H )exp(—ey,/AT) (3)

where ¥, 1s the change of potential when a species moves from the bulk

solution to the solid phase, e 1s the electronic charge, k 1s the Boltzmann
constant and T the temperature 1n kelvins

Mass action terms are wntten for binding of cations or amons with the
surface but 1n this case the bound ions are assumed to be located 1n the
B-plane (Davis et al , 1978) For cations

- - [SOM"~"*JH,*]
n+ _a (n—=1) =
SOH+M"™ = SOM" " "+H,", K- [SOHIM™] 4)

In a manner analogous to deprotonation reactions, activity at the B-plane
15 related to that in the bulk solution by

M, "] = [M™]exp(—ey,/AT) ()

where ¥, 15 the change 1n potential 1n moving from the bulk solution to the
B-plane The model 1s discussed 1n detail elsewhere (Davis et al, 1978)

A database comprising the constants necessary to implement the Triple-
Laver Model (TLM) has been compiled as part of the U K DOE radiological
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TABLE 4

Intrinsic equilibrium constants (Djafer et al  1989) for sorption onto a-FeOOH and $10,*

Reaction log X
FeOH + Na* = FeO-Na + H* ~84
SIOH + Na® = S10-Na + H* ~-71
SOH + H* + CI” == SOH,-Cl 70
SOH + Cd** = SO-Cd™ + H* -30
SOH + U0,"* =S0O-UO0_* + H* -18
SOH + UO,OH* == SO-UO,0H + H~ ~27

*Where the range of quoted data does not allow a distincuion to be made between sorbing
surfaces a composite (SOH) value was used Surface deprotonation constants emploved in the
modelhng studv were 4 5 (pK;) and 12 0 (pK_) for the unacidified core 1 5 and 8 5 for the acid
washed core respectivelv Interlayer capacitances were 100 and 20 uF cm = Auxihary thermo-
dvnamic data taken from Chandraullake et al (1992)

assessment programme (Economides et al 1990) More than 150 specific
adsorption constants are included with emphasis on the major groundwater
components uranium and thorium Sorption equilibria considered in ths
work are summansed in Table 4

4 RESULTS AND INTERPRETATION
4 1 Properues of the sandstone column

The Clashach 1s an equigranular, homogeneous sandstone and this 1s
reflected in the constancy of porosity measurements and the dispersion
profiles for *Cl tracer (Fig 2 Peclet number ~100) Porosity measurements
are ~20% and permeabihity for the unacidified cores, 03 D Porosity
increased shightly to 22% upon acidification but this was not matched by
changes m surface area or dispersivity (Fig 2)

Cation- and anion-exchange capacities were found to be <0 1 meq/100 g
(Table 2) 1n agreement with the low clay content Nevertheless more than 50
pore volumes of 0 1 mol dm~> HCI were required to achieve pH 1 1n the
effluent demonstrating the strong buffering capacity of even clean, almost
monomineralic sandstone For this reason, uranium migration experiments
were carried out at the ‘natural” pore-water pH of the Clashach Sandstone,
pH=x36

42 Uramum nugration

421 First column Simulation of uranium transport was carried out a priori
using the CHEMTARD code (Bennett et al , 1992b) and adsorption data for the

.
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Fig 2 Duspersion profiles (**Cl) for Clashach Sandstone

principal uranium aqueous species histed in Table 4 For the first flood.
adsorption was assumed to be dominated by the presence of iron oxide
coatings surrounding the quartz grains with a surface area of 1 m* g~!
equivalent to 8 10° m* dm~* n the pore flud Measurements of cation-
exchange capacity were used as a guide to the concentration of surface sites
available for uranium uptake, esumated to be 1n the region of 0 01-0 1 eq
dm~*

Previous column studies on neptumum migratuon indicated chromato-
graphic breakthrough of contaminant species owing to the non-attainment of
equilibrium on the timescale of the experiments (Bidogho et al 1987) Two
sets of simulations were performed therefore 1n order to take account of slow
kinetic effects, representing complete local equiibrium and effectively no
equilibrium between transported species, respectively In the case of uranium
the alternative approaches produce similar results although attenuation 1s
greater for the local equilibrium simulation For calculations at pH>5 5, no
breakthrough 1s predicted after 25 days, with most of the uranium introduced
to the column retained close to the source (Fig 3) The model results are
obviously affected by estimates of both surface area and site density Addi-
tionally, the extent of uranium transport 1s very sensitive to the charge on the
amphoteric surface The latter 1s governed, 1n turn, by the shape of the
deprotonation curve and the ambient pH Intrinsic deprotonation constants
obtained by vanous workers are listed 1n Table 5

The above findings are borne out by the experimental data, though the
model tends to overestimate the extent of uranium transport As predicted, no
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g 3 Uranium sorbed on sectionea z:-=~ before and after acidification

discernible uranium reached the o 2:iet Analysis of sections taken at intervals
slong the core show that the me o=t of the uramum was adsorbed within a
tew millimetres of the mlet (F1z 3+ and ~65% of the injected uranium was
contained 1n the first five 3-mm s..c2s (Bennett et al, 1992a) A more precise
mass balance 1s difficult givez -z2 low concentrations observed and the
wastage mvolved 1n prepanng secnions for analysis Of the other elements
determined only Ba, Mg, S1 anc Za are above the limit of detection in the
ctlluent solution where they occ.- at concentrations comparable to those at

the inlet

422 Second column The assumz:.on that surficial iron was responsible for
retardation appears reasonabie oz the basis of the known affimity of ses-
quioxides for uranium tn natura  «zters (Hooker, 1991) However, iron oxide
1s not ubiquitous n the Clashacz z=a 1t was decided to verify this assumption,
therelore, by repeating the expe=2at on an acidified core from which surface

iron had been removed
Monitoring the effluent aftz- zcidification showed a rapid leaching of

sweveral trace elements (Benne:: =1 al 1992a) followed by a decrease to
TABIE §

Deprotonauion constants for oxide su—z. = :Diafer et al, 1989)

Surtace log Kiunm log Kyinm

:L(«))OH —42 - —3" ~95 - -120
' ~10 ~64 - =72
\LO -5 - —z~ —115 - -8
T.0 ~36 - —z2 —-87 - =91
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background let values after ~20 pore volumes Interestingly the iron
profile had a longer tail than the other trace elements studied suggesting the
presence of minor cristalline phases, resistant to acid leaching This has been
confirmed by dissolution of the sectioned core

Predictions of uranium transport were carried out as before, takhing silica
to be the sorbing phase in the acidified sandstone Again no breakthrough was
predicted on a 20-da\ timescale owing to strong uptake of U(VI) cations on
the negatively charged surface (Table 5) Indeed, the lower zero pomnt of
charge (ZPC) for silica leads to model results in which migration 1s less than
1n the first flood

Analysis of uranium extracted from sections of the core corroborates the
simulations (Fig 3) Though the mass balance 1s poorer than for the unacidi-
fied core 1t 1s clear that little uranium extends beyond 20 mm of the source
Measurements of iron show a rapid drop from a concentration much lower
than 1n the first flood to below the detection himit, implying that almost all
accessible 1ron had been removed by acidification (Bennett et al, 1992a)

In actuality, both silica and 1ron oxyhydroxides are likely to effect uranium
retention within the Clashach Sandstone Further experimental work 1s
required to determune their relative contribution and the composite ntrinsic
adsorption properties of the prepared cores

423 Thud column The conditions under which trace concentrations of
uranium could move through the sandstone are now being investigated As
noted 1n Section 41 (p 283), the Clashach 1s very well buffered such that
experiments carried out at artificially high or low pH would not produce
results which are representative of the undisturbed system Given this, the
dominant factors likelv to promote uranium mobilisation are

(1) significant concentrations of 1ons which compete for adsorption sites,

(2) the presence of aqueous complexants which inhibit surface abstraction

The latter was studied by Berry et al (1991), for example, who noted
reduced sorption of uranium onto Caithness sandstones (Scotland, UK)
following treatment with gluconate or cellulose degradation products Simular
investigations on the Clashach Sandstone form the subject of on-going
research Preliminary results of research into the effect of competing 1ons are
described briefly below

Cadmium was chosen as the competing cation in view of the fact that 1ts
adsorption onto geological matenials has been studied extensively
(Economudes et al, 1990) and data for interaction with oxide surfaces are
available (Djafer et al, 1989) These studies show that relauvely httle uptahe
occurs at pH <5 but abstraction increases sharply under neutral to alkah
conditions The predicted effect of cadmium on uranium sorption at pH 6 15
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shown n Fig 4 for varnious cadmium concentrations and intrinsic adsorption
constants quoted in the literature (Djafer et al 1989)

The model results indicate that a cadmium level of 10° mol dm* would
substantially reduce uranium uptake onto silica Therefore, a further series of
simulations was performed to investigate the effect of this competition on
dynamic transport through the sandstone columns Fig 5 plots concentration
vs distance profiles in the presence and absence of cadmium, from which 1t
can be seen that the uranium plume 1s predicted to move more than twice as
far in the former case owing to competition Cadmium, 1tself, 1s comparativelv
mobile, appearing 1n the effluent after 1 day (Bennett et al, 1992a)

Experimental results are inconclusive for the U-Cd-sandstone system
owing to resolution problems with low uranium levels in the small core As

2

r
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15 —— (cale 16" %motam™?
No Cadmium

h a Clashach blank
|

1 r

Uranlum sorbed (uz/g)

o 50 100 150 200
Distance from inlet (mm)

Fig 5 Uranium sorbed on sectioned core following simuitaneous injection of cadmium
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with the two columns described previously no uramium breakthrough
occurred and most of the uranium was retainec ciose to the mlet It 1s oy
apparent at this stage, whether or not cadmium promotes migration of the
uranium plume downstream ’

5 CONCLUSIONS

Immobilisation of uramum under reducing conc 1ons 15 well established
Although by no means complete, this study a'so demonstrates the strong
affinity of natural surfaces for aqueous uranum spécies under strongh
oxidising conditions No breakthrough occurred v.th ithe columns studied
even where the already pure quartz sandstone wds acxdi»\ashed By mmplica-
tion migration of uranium at comparable levels tnrough more heterogeneous
clastic matenal 1s hikely to be severely impeded ‘

The ability of a chemical transport model to predict a prior: trace uranium
transport through the Clashach Sandstone wa- criucally dependent upon
quantitative data being available to characterise co'umn hydrology, sorption
area site density and the variation of surface charge V-I‘;ﬁ pH For the simple
system nvestigated here, the model proved relative;: effectine Althoughitis
unrealistic to expect the same level of charactenisation for field systems the
application of thermodynamic models and data 15 1¢'~ 16 be far preferable to
the use of purely empirical “‘retardation factors Trne former may be used to
predict trends in migration behaviour, if not the maznitude thereby allowing
priorities to be defined for analytical work Ir tne present context these
include studving the migration of uranium at higne- zoncentration levels and
in the presence of potentially mobilising orgamic i1z<nds
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